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Abstract  
Membrane filtration is employed for water treatment and wastewater reclamation purposes, 
but membranes alone are unable to remove pollutant molecules and certain pathogens. 
Photocatalytically active N-doped TiO2 coatings have been deposited by sol-gel onto 200 nm 
pore size alumina membranes for water treatment applications using two different methods, 
via pipette droplets or spiral bar applicator. The uncoated and coated membranes were 
characterised by x-ray photoelectron spectroscopy (XPS), scanning electron microscopy 
(SEM), x-ray diffraction (XRD) and energy dispersive x-ray spectrometry (EDX). Both 
coatings showed the presence of N-doped anatase, with a surface coverage between 84 and 92 
%, and nitrogen concentration (predominantly interstitial) of 0.9 at.%. The spiral bar 
applicator deposited coatings exhibit a thicker mud-cracked surface layer with limited 
penetration of the porous membrane, whilst the pipette deposited coatings have mostly 
penetrated into the bulk of the membrane and a thinner layer is present at the surface. The 
photocatalytic activity (PCA), measured through the degradation of carbamazepine (CBZ), 
under irradiation of a solar simulator was 58.6 % for the pipette coating and 63.3 % for the 
spiral bar coating. These photocatalytically active N-doped sol-gel coated membranes offer 
strong potential in forming the fundamental basis of a sunlight based water treatment system. 
 
1. Introduction 
The photocatalytic properties of titanium dioxide have been under investigation for over 50 
years, and such properties make the material fit for an extensive number of applications, 
including solar cells [1], gas sensors [2], biomedical implants [3], anti-reflective coatings [4], 
self-cleaning surfaces and water and air purification [5, 6]. Due to their band gap energies, 
anatase (3.2 eV) and rutile (3.0 eV) TiO2 show photocatalytic behaviour under ultraviolet 
irradiation. In spite of its larger band gap, anatase is considered to be more photocatalytically 
active than rutile [7]. For the last 10 years, new methods have been proposed to extend the 
photocatalytic response to the visible region of the spectrum [8]. One of the common 
approaches, is doping TiO2 with nitrogen [9]. This was first undertaken by Sato [10] and then 
some years later, Asahi et al reported on the photocatalysis of N-doped TiO2 under visible 
light [11]. In the Asahi et al paper, N-doped TiO2 was prepared both as a powder and by 
reactive sputtering of a TiO2 target. From the theoretical calculations of Asahi et al [11, 12] 
and Nakano et al, [13] N doping will result in a band gap narrowing due to the N 2p level 
mixing with O 2p states in the valence band. However, many other authors have proposed 
from theoretical and experimental studies that nitrogen doping leads to localised electronic 
states in the band gap and that the visible light activity arises from promotion of electrons 
from this inter-band state to the conduction band [8, 14-16]. The specific origin of such inter-
band states is a hotly debated topic (with reviews now appearing on the subject) and various 
authors have assigned their nature to different local solid-state nanostructures and defects, 
including substitutional N, interstitial N and oxygen vacancy based F-type colour centres [8, 
17].  
 
Hu et al. and Peng et al. have prepared N-doped TiO2 films using different sol-gel methods 
[18,19]. In both papers, the presence of N and its chemical state was investigated by XPS 
analysis. Their results have shown that the location of N within the TiO2 structure and the thin 
film  photocatalytic activity are influenced by the preparation method [18, 19]. Hu et al 
obtained a film containing interstitial N and another containing both interstitial and 
substitutional N, with the second showing the highest photocatalytic activity (PCA). Peng et 
al. also demonstrated that interstitial nitrogen doping produces higher visible light activity 
than substitutional nitrogen [19]. The authors attributed this result also to the higher overall N 
content and concentration of oxygen vacancies. In other work on sol-gel deposited thin films, 
Quiao et al have reported on a triethanolamine assisted sol-gel preparation of monodisperse 
sub-micron size N-doped TiO2 hollow spheres. The authors found that increasing the N 
content shifted the optical response more to the visible light region and this could be 
controlled through varying the amount of triethanolamine employed [20]. 
 
The PCA is also directly dependent on the grain size, with an increase in the grain size 
corresponding to an increase in activity [7, 21]. The grain size, crystallinity and  
microstructure of the film are dependent on the calcination temperature and pH of the sol-gel 
solution [22, 23]. Co-precipitation of TiO2 with urea followed by thermal treatment is one of 
the most common methods to prepare sol-gel deposited N-doped TiO2 [24-26], however the 
doping mechanism is still not very clear. A study of these mechanisms was undertaken by 
Factorovich et al [27], who highlighted the importance of by-products generated during 
thermal decomposition of the urea. Azoani et al. studied doped nanocoatings (comprised of 
particles with a radius < 3nm and small size distribution) formed from chemically active TiO2 
colloids, and demonstrated that doping of smaller units leads to higher  PCA [28]. 
 
There are only a few studies of membranes coated with a photocatalyst layer for water 
treatment purposes reported in the literature. The most relevant recent work by Ma et al 
reports on a Si-doped TiO2 sol-gel coating deposited onto a tubular 200 nm pore size alumina 
membrane. [29]. The Si-doped TiO2 layer exhibited an anatase structure with a grain size of 
8-10 nm. Increasing the sol-gel coating thickness reduced the water permeability through the 
membrane with 2 coating cycles reducing the water permeability by 45 %, indicating that the 
pore size had decreased substantially through deposition of the coating. In PCA tests under 
UV irradiation, the concentration of a commercial reactive azo dye (RR ED-2B) was reduced 
by almost 40 % after 40 minutes of irradiation. Longer irradiation times did not increase the 
amount of dye removed.  Choi et al have also deposited a sol-gel TiO2 coating onto a ‘home 
made’ 100 nm pore size alumina membrane [30]. They showed that the TiO2 sol-gel film 
could be successfully deposited onto the alumina membrane and exhibited high water 
permeability and effective organic matter retention. No PCA results for the coated membranes 
were reported, but 8-10 nm grain size TiO2 thin films on glass prepared by the same sol-gel 
method were effective at degrading methylene blue and creatinine under UV light irradiation. 
Approximately, 60 % of the creatinine was degraded after 14h of irradiation [30]. 
 
Photocatalytic processes involve the initial absorption of photons by the substrate to produce 
electron-hole pairs. The photocatalytic oxidation of an organic species often proceeds via 
adsorption of the pollutant on the surface of the catalyst, followed by direct removal of 
electrons from the pollutant molecule by positively charged holes. Another possible oxidation 
process is through hydroxyl radical (OH•) attack of the pollutant, which takes place at the 
photocatalyst surface or in its vicinity. 
 Carbamazepine (CBZ) is used to relieve neuralgia and to treat seizure and mental disorders. 
CBZ has been detected in wastewater [31-33], surface water [34-36] and groundwater [37, 
38]. The compound has shown little degradation or retention during bank filtration [34, 35] or 
in sediment-transport studies [39-41]. CBZ is a relatively polar, neutrally charged 
pharmaceutical and lacks sites for specific interactions with soils and sediments, which leads 
to its non-appreciable sorption properties [42-44]. CBZ is a neutral molecule over a broad 
range of pH values, and therefore photocatalysis is affected by pH via the surface charge of 
the photocatalyst [45]. investigated the advanced oxidation process (AOP) of CBZ with 
UV/H2O2 and found that CBZ degradation by radical-induced reaction is not affected by 
changing the pH of the solution in the range of 2.0 to 8.0. This compound is ideal for 
photocatalytic experiments due to its unique physico-chemical characteristics together with 
the fact that many studies have already used this compound as a hydrophilic and persistent 
marker to trace anthropogenic pollution [41, 46]. 
 
 
In this work, a sol-gel method was developed to deposit photocatalytically active thin films of 
N-doped TiO2 onto Al2O3 membranes with a pore size of 200 nm. Membranes with a 
photocatalytically active coating are being considered for use in sunlight stimulated water 
treatment systems. The sol-gel solution was deposited on the membrane through the use of 
manual pipette droplets or a spiral bar applicator followed by annealing at 450°C to form a 
crystalline coating. The coated membranes were characterised by X-ray photoelectron 
spectroscopy (XPS), scanning electron microscopy (SEM), X-ray diffraction (XRD) and 
energy dispersive x-ray spectrometry (EDX). The PCA was measured through monitoring the 
degradation of CBZ in a solution with a pH value of 7. The PCA measurements were 
performed in a flow cell using a solar simulator as a light source. The membrane permeability 
before and after sol-gel coating was also determined. 
 
2. Experimental 
 
Film preparation 
The N-doped TiO2 coatings were prepared by sol-gel deposition using tetrabutylorthotitanate, 
isopropanol, ammonium hydroxide and triethanolamine as precursors. Tetrabutylorthotitanate 
(25 mL) and triethanolamine (15 mL) were dissolved in isopropanol (32 mL), together with 
ammonium hydroxide (32%, 2.4 mL) [47]. After stirring vigorously for 30 min at room 
temperature, the solution was ready for use. The substrates were Al2O3 membranes (KSM 
Water GmbH, Germany) with a nominal pore size of approximately 200 nm. Before the 
solution was deposited, the substrates were carefully cleaned by ultrasonic treatment with 
citric acid in water solution (g/L, at 80°C) and then in acetone (at room temperature), and 
finally air-dried for 24 hours. The N-doped TiO2 coatings were prepared by two different 
methods: (a) a drop-coating method using a pipette (2.5 mL drops); (b) using a spiral-bar 
applicator. In the spiral bar method the membrane was placed on the flat surface of the spiral 
bar applicator (by TQC, Italy, model AB3220). The spiral bar, wound with a stainless steel 
wire (10 µm thick) was carefully placed at one end of the membrane, and was in contact with 
the membrane surface. The solution was deposited onto the membrane by means of a pipette 
adjacent to the spiral bar. Immediately after the bar moved across the surface at a fixed speed 
(5  mm/s) spreading the solution over the membrane. In both cases the composition and 
preparation method for the sol-gel was identical. After sol gel deposition, the coated 
membranes were annealed in an oven for 1 hour at 450°C in air. 
 
Surface characterization 
XPS analysis was performed using a Thetaprobe spectrometer (by ThermoFisher Scientific 
East Grinstead, UK), using an Al Kα monocromated radiation at a power of 140 W, a spot 
size of 400 μm and a take off angle of 37º (with respect to the surface normal). The survey 
spectra were acquired over a binding energy range of 0-1350 eV using a channel width of 0.4 
eV and a pass energy of 300 eV.  High resolution elemental XPS were acquired using a 0.2 
eV channel width and 50 eV pass energy. The aliphatic C peak at 285.0 eV was used as a 
binding energy reference. Curve fitting was undertaken with the ThermoFisher Scientific 
Avantage software after substraction of a Shirley background and quantification performed 
using instrument modified Wagner sensitivty factors. 
 
The SEM micrographs were acquired with a Quanta FEG 200 microscope (by FEI, 
Eindhoven, The Netherlands), operating at a beam voltage of 20 to 30 kV, 30 μm aperture and 
spotsize 3 for high resolution imaging. According to the need, the sample was tilted up to 20°. 
XRD spectra were acquired using a X’Pert Pro diffractometer (by Panalytical, Cambridge, 
UK). The Cu Kα radiation (λ = 1.5406Å) source was operated at 40 mA and 45 kV. The 2Θ 
range acquired was 10 - 65°, employing a channel width of 0.017 2Θ. The average grain size 
was determined using the Scherrer equation (equation 1): 
𝐷 =  
𝑘𝜆
𝛽𝑐𝑜𝑠𝜃
                   Equation 1 
Where D is the average crystallite size (Å), k is the shape factor (taken as 0.9), λ is the 
wavelength of the x-ray radiation and β is the peak full width half maximum (FWHM), and θ 
is the Bragg angle of the peak. It was assumed that peak broadening is entirely due to grain 
size effects.  
 
Calculation of the substrate coverage 
The coverage of the Al2O3 substrate by the TiO2 film was calculated from the atomic 
percentages of titanium and aluminum, obtained by XPS, and normalized by the atomic 
densities D in the two solids: 
𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 =  
𝑎𝑡% 𝑇𝑖/𝐷(𝑇𝑖𝑂2)
𝑎𝑡% 𝑇𝑖/𝐷(𝑇𝑖𝑂2)+𝑎𝑡% 𝐴𝑙/𝐷(𝐴𝑙2𝑂3)
 × 100                Equation 2 
The atomic densities were calculated as follows: 
𝐷 =  
𝑛 ×𝑍
𝑉
                         Equation 3 
Where n is the stoichiometric coefficient, Z is the number of chemical formula units per unit 
cell, and V is the volume of the primitive cell. The anatase TiO2 has n = 1, Z = 4 and a cell 
volume V of 1.3631 × 10-22 cm3 [JCPDS no. 00-021-1272]; the α-Al2O3 has n = 2, Z = 6 and a 
cell volume of 2.5481 × 10-22 cm3 [JCPDS no. 00-046-1212]. The resulting atomic densities 
are 4.71 × 1022 atoms×cm-3 for the alumina, and 2.93 × 1022 atoms×cm-3 for the titania. 
 
Atomic force microscopy (AFM) was performed using a Solver, HV MFM (by NT-MDT, 
Moscow, Russia).  Phase maps were produced via tapping mode in ambient conditions using 
silicon tips with a mean frequency 323kHz and k = 32-60N/m.   
 
PCA test:  
Materials and equipment 
Carbamazepine (CBZ) was employed as the target pollutant for the PCA tests. CBZ (>99% 
purity) was obtained from Sigma-Aldrich.  
The feed solution containing CBZ (DI water adjusted to pH 7) was diluted from a stock 
solution to an initial concentration of 1 mg/L, 4.24 x 10-6 M. Experiments were carried out at 
neutral pH (7) adjusted using 1 mM phosphate buffer saline (Na2HPO4/NaH2PO4).  
Experimental procedure: 
A 300 W ozone-free xenon arc lamp (Newport, full spectrum 300 W, 50.8 mm x 50.8mm, 
CT, USA) was used with a maximum optical output irradiance given by the manufacturer of 
2000 W/m2 (2 suns) after the light beam was filtered with a 1.5 Global air mass (AM) filter. 
The incident spectral irradiance was measured by a calibrated spectroradiometer 
(International light, ILT 900R, USA) with a horizontal detector. The integrated irradiance was 
1.4 W/m2 for the UVB range (280–320 nm), 55.0 W/m2 for the UVA range (320–400 nm) and 
712.3 W/m2 for the visible range (400–700 nm). 
 
The coated membrane PCA was determined by a custom-made, versatile laboratory flow cell 
as detailed in Figure 1. The flow cell is a bench-scale system used for concurrent filtration and 
solar photocatalytic degradation used in semi-batch operation mode. The flow cell was placed 
underneath the solar simulated light. The filtered and irradiated area of the filtration cell was 
43.6 x 21.6 mm. A quartz cover was placed above the membrane to ensure a uniform water 
height above the membrane of 6.5 mm and acted as the chamber seal. A 200 mL feed solution  
of CBZ (1 mg/L, pH 7), was recirculated for 30 minutes through the system to ensure an 
adsorption/desorption equilibrium of CBZ on the membrane prior the irradiation. The feed 
solution was then filtered through the flow cell (from the bottom-up) to the photocatalytic 
coated side of the membrane in a dead end filtration mode (see Figure 1). Hence, only the 
permeate was exposed to the effects of photocatalysis. The treated water was collected at the 
permeate side and pumped back to the feed bottle after each cycle, for a total irradiation time 
of 2 hours. Samples were collected between cycles and analysed using high performance 
liquid chromatography (HPLC). The filtration flow rate during the experiment was 0.5 L/h, 
achieved using a compressed air line connected to a sealed feed bottle at a pressure of 0.1 bar. 
Carbamazepine (CBZ) was detected and quantified using an Agilent, model 1100 HPLC 
instrument. The selected liquid chromatograph column was a Phenyl Reverse Phase column 
(ACE-RP, 2.1mm×250mm, 5µm). The mobile phase consisted of water (A) and methanol (B) 
and the detection wavelength was 286 nm. The flow rate was set to 0.5 mL/min and the 
injected volume was 100 µL. The mobile phase eluent gradient started with 60% of eluent A, 
followed by a 2-min linear gradient to 10% eluent A, 4-min isocratic elution and a 2-min 
linear gradient back to 60% of eluent A, maintained for 5 min to equilibrate. 
 
The photocatalytic efficiency was expressed as percent removal: 
 
Removal (%) =
𝐶0−𝐶𝑡
𝐶0
× 100                   𝐸quation 4 
 
Where C0 is the initial pollutant concentration after equilibrium and Ct is the pollutant 
concentration after t hours of irradiation (mg/L).  
 
The flow cell is operated at semi-batch mode with a retention time calculated to be ~4 min by 
the following equation: 
 
𝑡𝑅 =
𝑉𝑖𝑙𝑙𝑢
𝑉𝑡
× 𝑡                    Equation 5 
 
Where tR is the retention time (min); Vt is the total volume (200 mL); t is the experiment time 
(120 min); Villu is the volume of illuminated section of each module (mL). Villu is equal to the 
membrane area A (9.42 cm2) multiplied by water height h (0.65 cm), which is 6.12 cm3, or 
6.12 mL. 
 
The water permeability was determined by measuring a pure water flux in a pressure step test 
experiment. Nitrogen (99.999 %) was used to force deionised water from a 5 L holding tank 
into the membrane pressure cell by dead end filtration. The accumulated permeate water 
weight with time, J, was recorded using ‘Balint’ software and calculated using Equation 6.  
 
J =
Q
A
=
∆m
ρ∆t
1
60
A
         Equation 6 
 
Where J is the flux [L/(m2 * h)], Q is the filtrate flow [L/h], A is the membrane surface area 
[m2] and  is the water density (determined from the average water temperature during the 
experiment).  
  
3. Results 
 
3.1 Surface Characterisation 
 
3.1.1. Alumina membrane 
The substrate supplied by KSM Water GmbH, Germany, is a Al2O3 membrane with 200 nm 
pore size used for water filtration. An SEM cross-section image of the membrane is given in 
Figure 2 and shows the presence of a surface layer of approximately 10-15 µm in thickness, 
which is acting as the finer 200 nm pore size filter.   
 
Figures 3a, 3b and 3c show SEM micrographs at different magnification of the membrane 
surface. The membrane appears to have a homogeneous structure over a large area, with 
particle sizes ranging from sub-micron to a few micrometres in size. Figure 3b also shows the 
presence of smaller particulates of tens to hundreds of nanometres in size decorating the 
larger grains. However, it should be noted that the presence of these smaller particulates 
decorating the surface only occurred on some areas of the membrane and in this respect the 
membrane surface was inhomogeneous. A higher magnification SEM image showing these 
small particulates in more detail is given in Figure 3c. This SEM micrograph in Figure 3c has 
a field of view of approximately 2×2 μm, and can be compared with the AFM phase analysis 
image (Figure 3d), which has a similar field of view, but is taken from a different area on the 
same surface. It is clear from the AFM image that two distinct phases are present, with the 
localised bright features in the image corresponding to particulates present on the surface of 
the second phase (darker background). The size and distribution of the small particulates in 
the AFM phase image is in agreement with the distribution of the small particulates observed 
in the SEM image.   
 
XRD was performed to investigate the phase composition of the membrane (Figure 4). The 
high intensity peaks correspond to the presence of the α-Al2O3 phase [JCPDS no. 00-046-
1212]. A ZrO2 phase was also present [JCPDS no. 00-037-1484] and a third phase was also 
observed, attributed to mixed Al/Zr oxide [JCPDS no. 00-053-0294] The average grain sizes 
for the different phases was calculated to be 96 nm (Al2O3), 34 nm (ZrO2), and 57 nm (Al/Zr 
mixed oxide). This would indicate that the larger alumina particles are polycrystalline and the 
small particulates on the surface of the larger alumina grains in Figure 4 may be any of these 
three phases. The presence of small grains of ZrO2 or mixed Al/Zr oxide on the surface of the 
larger Al2O3 grains would be consistent with the AFM phase image results in Figure 3.  The 
presence of zirconium was confirmed by EDX analysis, which showed a Zr concentration of 
about 1 %. 
 
3.1.2 Pipette Deposited N-doped TiO2 Sol-Gel Coating on Alumina Membrane 
A low magnification SEM micrograph (Figure 5a) of the membrane surface after deposition 
of the sol-gel N-doped TiO2 coating shows a surface very similar to the uncoated membrane 
(Figure 3a), with the alumina particles and pores being evident. At higher magnification 
(Figure 5b), there are again island features present on the larger alumina grains, somewhat 
similar to those seen on the uncoated membrane (Figure 3b), but the density of these features 
is higher on the coated membrane (Figure 5b) and their form is globular rather than the 
obvious particulate nature of the features in Figure 3b. This is apparent from the regions 
marked with arrows, where a number of globules appear to have coalesced, forming larger 
more irregular shaped ‘islands’. Figure 5c shows another high resolution micrograph with the 
same magnification, but from a different region on the same membrane surface. In this Figure 
there are no small rounded particulates/globules, but instead the presence of sharp-edged, 
crystalline type particulates. Hence, it is difficult to specifically identify the morphology of 
the N-doped TiO2 coating on the membrane surface (even though it will be shown from the 
XRD results (Figure 4) and the XPS determined surface composition (Table 2) that the sol-gel 
coating is present on the surface. Figure 5d shows an AFM phase image of the surface, with a 
field of view of 2.5×2.5 μm taken from a different area on the surface to either of the 2 SEM 
high resolution images in Figure 5. The image indicates the presence of two phases, one phase 
distributed over the surface of a matrix phase. In the case of the uncoated membrane (Figures 
3c and 3d) there was a dominant matrix phase (the alumina) and the second phase was present 
as small particulates on the surface. In this case, for the coated membrane, the distribution of 
the surface phase is very different, being more evenly spread over the underlying matrix. It 
seems probable that the image represents the N-doped TiO2 coating distributed over the 
underlying Al2O3 membrane, showing that the N-doped TiO2 film is not a continuous and 
uniform coating on the surface, but exhibits a fairly good surface coverage of the membrane.  
 
The XRD pattern for the pipette deposited coating on the membrane is shown in Figure 6.  
There are many peaks confirming that the N-doped TiO2 coating is present on the surface in 
the form of anatase. The average grain size, calculated from the (200) reflection, is 12 nm. 
The other XRD peaks present correspond to alumina, zirconia and the mixed Al-Zr oxide 
phase, as seen for the uncoated membrane. 
 
The XPS determined chemical composition of the surface is given in Table 2. The Ti 2p3/2 
peak is at a binding energy (BE) of 458.8 eV, corresponding to TiO2 and the Al 2p peak 
occurs at a BE of 74.3 eV, corresponding to Al2O3. The XPS Ti and Al concentrations are 
determined to be 18.2 and 5.1 at.% respectively confirming that there is non-conformal 
coverage by N-doped TiO2 coating and that the membrane is partially exposed. This is in 
good agreement with the AFM phase image results in Figure 5d.   
 
Table 2: XPS determined surface composition (at.%) and peak binding energies (eV) for 
the pipette deposited N-doped TiO2 coating on the membrane 
XPS peak C 1s O 1s Ti 2p Al 2p Zr 3d 
3d3d 
Mo 3d N 1s 
Concentration (at.%) 12.6 62.7 18.2 5.1 0.4 0.2 0.9 
Binding Energy (eV) 285.0 - 458.8 74.3 182.2 231.7 - 
 
An estimate for the surface coverage can be made from the XPS Ti and Al concentrations 
using the formula Ti/(Ti+Al), where the Ti and Al elemental concentrations have been 
normalised to take into account the Al2O3 and TiO2 unit cell volumes and atomic number 
densities of Ti in TiO2 and Al in Al2O3. The surface coverage values calculated in this way do 
not take into account any local variations in the thin film coverage or the specific active 
surface area exposed (e.g. due to high surface roughness or porous structure). Hence, the 
limitations of this approach should be noted, but, the values provide a useful indicator of 
relative surface coverage between different coatings. The results show that there is an 
approximate surface coverage of 84 % for the pipette deposited N-doped TiO2 coating on the 
membrane. 
 
The XPS O 1s peak, shown in Figure 7a is comprised of three components. Peak 1 (BE = 
530.0 eV) corresponds to TiO2, peak 2 (BE = 531.2 eV) corresponds to Al2O3 and the surface 
OH- groups and peak 3 (BE = 532.5 eV) can be attributed to adsorbed water. Sol-gel 
deposited coatings are known to be partially hydrated and the presence of OH- peaks in the 
XPS spectra from such coatings is common [50]. 
The nitrogen concentration present on the surface was 0.9 at.%. The N 1s photoelectron peak, 
shown in Figure 7b, could be fitted with 4 peaks, each contributing 0.1 - 0.3 at.% N (see Table 
3). There is also a small contribution at the same binding energy from the Mo 3p3/2 peak. The 
origin of the N 1s peak components in N-doped TiO2 has been much discussed in the 
literature. However, it is generally accepted that a N component at approximately 396 eV 
corresponds to N substituted for O in the TiO2 phase [12,51-59]. It has recently been shown 
that a peak at approximately 400 eV is observed on many surfaces due to the presence of N-
containing organic contamination [60], but a peak can also occur at a similar binding energy 
due to the presence of interstitial NO species [51,54,61-64]. Furthermore, the peak at 
approximately 402 eV is associated with surface contamination [60]. (It should be noted that 
on the uncoated surfaces, the N 1s peak for both the 200 nm membranes showed the presence 
of one component, at approximately 400 eV). The final component, at approximately 398 eV 
most probably corresponds to interstitial N in the TiO2 phase [12,65-67]. Hence, in the N-
doped TiO2 thin film on the 200 nm membrane, N is present as both substitutional and 
interstitial N (and possibly interstitial NO). 
 
Table 3: XPS N 1s peak fitted components (corresponding to Figure 7 (b)) for the pipette 
deposited N-doped TiO2 coating on the 200 nm pore size membrane 
XPS N 1s component 1 2 3 4 
Concentration (at%) 0.2 0.3 0.2 0.1 
Binding Energy (eV) 396.1 398.1 400.1 402.0 
 
EDX analysis of the pipette deposited N-doped TiO2 coated membrane showing the surface 
composition is given in Table 4. It should be noted that due to the roughness of the coated 
membrane surfaces, these quantified EDX values should only be considered as indicative.  
Spectra were acquired from three different points on the surface and the chemical composition 
was found to be fairly homogeneous. The average composition values are presented in Table 
4. The low concentration of Ti indicates the presence of a thin coating, which is in agreement 
with the XRD results and the difficulty in observing a distinct coating morphology at the 
surface with SEM. The presence of Zr is also consistent with the XRD results showing ZrO2 
and mixed Al/Zr oxide particles present on the membrane surface.  
 
Table 4: EDX determined surface composition of the N-doped TiO2 coating deposited on 
the membrane by pipette and spiral bar sol-gel deposition 
Element C O Ti Al Zr 
Pipette 1.5 64.3 1.5 31.9 0.8 
 
3.1.3. Spiral Bar Deposited N-doped TiO2 Sol-Gel Coating on Alumina Membrane 
SEM images of the spiral bar deposited N-doped TiO2 coating on the alumina membrane are 
presented in Figure 8. The surface exhibits a very diffierent morphology to that obtained 
through pipette sol-gel deposition. Use of the spiral bar applicator results in a much thicker 
coating being deposited, with the coating showing a ‘mud-cracked’ morphology (Figure 8a 
and 8b). This morphology is often observed for sol-gel deposited coatings [68]. In this case, 
the thicker coating can be clearly distinguished from the underlying membrane. The coating 
varies in thickness across the surface, with the thicker regions showing larger and more 
discernible cracks at low magnifications (Figure 8a). At higher magnifications (Figure 8b and 
8c), the underlying membrane can be observed through the cracks. Smaller particulates can 
also be observed on the membrane surface (Figure 8c and 8d) similar to those seen on the 
uncoated membrane (Figure 3b). The formation of the ‘mud-cracked’ morphology, leaving 
some area of the membrane exposed is clearly important in allowing water to pass through the 
membrane.  
 
Figure 9 shows the XRD pattern of the N-doped TiO2 coated membrane, with the labelled 
reflections corresponding to the anatase phase. The diffraction pattern is very similar to that 
obtained for the pipette deposited N-doped TiO2 coating on the membrane (Figure 6), but the 
anatase peak intensities are stronger, consistent with the presence of a thicker coating.  The 
grain size, calculated from the (200) reflection, is 16 nm. As for the pipette deposited coating 
on the membrane, the other reflections correspond to alumina and zirconia, and the mixed 
Al/Zr oxide phase. 
 
Table 5 shows the surface composition of the coated membrane, determined by XPS. The Al 
concentration is lower than that found for the pipette deposited coating, indicating a greater 
coverage of the membrane using the spiral bar applicator. The surface coverage of the 
membrane, was estimated by XPS to be 92 %, which is consistent with the SEM results. The 
surface concentrations of O and N for the pipette and spiral bar deposited coatings on the 
membrane are very similar and the curve fits of the O 1s and N 1s spectra are presented in 
Figure 10. The XPS O 1s and and N 1s peakshape are remarkably similar to those observed 
for the pipette deposited coating (Figure 7) and consequently the interpretation of each of the 
O 1s and N 1s components is the same as that for the pipette deposited coating, given in 
section 3.1.2.  
 
Table 5: XPS determined surface composition (at.%) and peak binding energies (eV) for 
the spiral bar deposited N-doped TiO2 coating on the membrane 
 
XPS peak C 1s O 1s Ti 2p Al 2p Si 2p Zr 3d Mo 3d N 1s 
Composition (at%) 13.3 61.3 19.8 2.6 1.9 0.3 0.1 0.8 
Binding Energy (eV) 285.0 - 458.8 74.8 103.3 282.6 231.4 - 
 
EDX point analysis results taken from one of the large N-doped TiO2 islands on the mud-
cracked surface, marked as point 1 in Figure 11a, is given in Table 6.  Considering the 
analysis depth of EDX, the high concentration of Ti (24.9 at.%) and low concentration of Al 
(2.4 at.%) would suggest that for the largest islands, the spiral bar applicator deposited coating 
has a thickness which is greater than 1 µm. Spectra taken from islands where the coating was 
clearly thinner (e.g. point 3 in Figure 11b), showed Ti concentrations reducing to around 4 
at.%. Hence, the average coating thickness is then probably of the order of several hundred 
nanometers. EDX point spectra were also taken from within the cracked region, marked as 
point 2 in Figure 11a, and a small Ti concentration was observed, indicating that there is some 
sol-gel coating present also within these cracked regions.   
Table 6: EDX determined surface composition of the N-doped TiO2 coating deposited on 
the membrane by spiral bar sol-gel deposition 
Element C O Ti Al Zr 
Point 1 2.9 69.8 24.9 2.4 - 
Point 2 - 58.7 9.2 30.1 2.0 
Point 3 5.4 60.5 4.5 28.8 0.8 
 
 
 
3.2. Photocatalytic activity  
 
Photocatalytic degradation of 1 mg/L CBZ was carried out using sol-gel N-doped TiO2 coated 
Al2O3 membranes deposited either by pipette or by the spiral bar applicator. Direct 
photodegradation of CBZ (in the presence of an uncoated Al2O3 membrane) after 120 min 
exposure was negligible (< 1 %). Furthermore, CBZ showed negligible adsorption to the N-
doped TiO2 coated membranes when exposed in the dark. After 120 min, both deposition 
techniques show similar CBZ degradation rates of 63.3 % removal for the spiral bar applicator 
coated membranes and 58.6 % removal for the pipette coated membranes (Figure 12).  In a 
recent study undertaken by the authors, conducted on the same alumina membranes with a 
pore size of 800 nm, a comparison of CBZ degradation for doped and undoped TiO2 was 
conducted. The N-doped TiO2 resulted in significantly higher removal rate (by ~40%) 
compared to the undoped TiO2 coated membranes with removal of 63% and 38% 
respectively, after 120 min of experimental duration (Figure 13), confirming that the doping 
process would extend the photocatalytic response to the visible portion of the spectrum. These 
PCA results were shown to be repeatable to within 5 %. 
 
In this study, the PCA was examined in a phosphate buffer solution, however in a previous 
study, the PCA of the same coatings on glass slides showed a dependence on various water 
quality parameters such as pH, alkalinity, natural organic matter, etc [47]. 
 
Recirculating the CBZ solution on top of the coated membrane resulted in significantly lower 
reaction rates, by ~90% compared to flow through the coated membrane pores. Flow through 
the coated porous membrane is advantageous as opposed to flow on top of the membrane due 
to the considerably higher available photocatalytic surface area and increase in direct contact 
between the solution and membrane surface due enhanced mixing conditions. 
 
3.3. Water Permeability  
Permeability of the uncoated and coated 200 nm membranes was measured to evaluate the 
integrity and properties of the membranes before and after deposition of the sol-gel coating. 
The water permeability for the uncoated 200 nm membrane was found to be 3800 ± 17% 
L/m2h/bar. The values for the pipette and spiral bar applicator coated membranes were 
determined to be 1600 ± 20%  and 2100 ± 28%. The variation in values recorded for either the 
pipette or spiral bar applicator coated membranes indicate that there is no significant 
difference between the two coating methods, both giving a reduction in the water permeability 
of approximately 50% compared to the uncoated membrane. The variability in the water 
permeability results for both the uncoated and coated membranes probably arises from an 
inconsistent pore size distribution for the membrane.  
 
4. Discussion 
 
Surface characterisation of the sol-gel coated membranes has shown that the pipette and spiral 
bar applicator deposited N-doped TiO2 coatings have different morphologies and thickness, 
but very similar crystal structure (small difference in grain size), N doping and surface 
coverage. The sol-gel process is clearly capable of forming coatings which are reproducible in 
terms of crystal structure and N doping and it is the method of applying the sol-gel which is 
giving rise to the variations in morphology and thickness observed. Using the spiral bar 
applicator results in the sol-gel remaining at the surface, with little or no penetration into the 
pores, whereas depositing the sol-gel through a pipette drop method allows the sol-gel 
solution to penetrate the pores. The extent of penetration of the sol-gel solution in the porous 
membrane is the result of capillary pressure and gravity.  The capillary pressure has a similar 
effect for both methods, as the surface tension of the solution and the wettability of the 
substrate are the same in both cases. The discriminating factor is the pressure due to gravity.  
With the pipette method, the solution was deposited as individual drops of 2.5 mL equally 
spaced across the membrane surface, while with the spiral bar applicator the same amount of 
solution was distributed across the surface giving a continuous film with a thickness of 
several microns. As an individual drop would have a diameter of at least a few millimetres the 
applied force per unit area due to gravity would be higher than for a thin film being evenly 
spread over the surface by the spiral bar applicator. There could also be an additional 
downward pressure arising from acceleration of the drop towards the substrate surface, due to 
gravity (depending on the distance of the pipette from the substrate) or due to the pressure 
applied to the sol-gel solution in the pipette to release the drop. To summarise, with the 
pipette method there is additional downward pressure given to the solution to penetrate the 
pores of the alumina membrane, compared with the spiral bar method, where the solution is 
gently spread across the surface. 
 
The observed ‘mud-cracked’ thick morphology for the spiral bar applicator deposited coating 
is typical for sol-gel deposited coatings generated after annealing and cooling and occurs due 
to the different thermal expansion coefficients of the TiO2 sol-gel coating and Al2O3 
membrane.  
 
The similar CBZ removal rates for coatings deposited by each method would suggest that the 
crystal structure and N doping are the most important factors affecting PCA, whereas the 
variation in coating thickness and morphology is not having a significant effect. The small 
increase in the PCA observed for the spiral bar applicator deposited coatings may be 
attributable to a slightly higher surface coverage of the membrane by these coatings compared 
to the pipette deposited coatings. Both sol-gel deposited coatings exhibit a pure anatase TiO2 
structure, which is generally agreed in the literature to yield higher PCA than rutile [9]. The 
anatase grain size observed for both coatings (12 and 16 nm) is of the same order but slightly 
higher, than the 8-10 nm reported by both Ma et al and Choi et al for TiO2 sol-gel films onto 
200 nm pore size alumina membranes [29-30]. N doping for the pipette and spiral bar 
applicator deposited coatings was < 1 at.%. Interestingly, this sol-gel process gives rise to a 
mixed interstitial/substitutional N doping of TiO2. There is disagreement in the literature 
regarding which dopant states are more effective at increasing PCA. Some authors indicate 
that interstitial N is better than substitutional N [19] whilst others give evidence that mixed 
substitutional/interstitial offers the optimum performance [18]. Peng et al synthesised N 
doped TiO2 powder by two different methods, which led to two different dopant states: 
interstitial N was achieved by a sol-gel method using urea as the nitrogen precursor, and 
substitutional N was obtained by annealing a TiO2 powder under NH3 flow. The nitrogen 
states were confirmed by XPS, with a peak at 396 eV for substitutional N, and a peak at 400 
eV which they assigned to interstitial hyponitrite species (N2O2
2-). They found the intersitial 
N-doped TiO2 had the highest PCA [19]. The justification of this behaviour was by Di 
Valentin at al.[69-70], who showed that in the case of substitutional doping the highest 
occupied level in the valence band would be the N 2p localized states, 0.14 eV above the top 
of the valence band, while for interstitial N doping the highest localized state would be the π* 
character N-O state 0.73 eV above the valence band. Hu et al. attempted to make a distinction 
between bulk and surface doping, using a sol-gel method to produce a TiO2 film which was 
uniformly doped in the surface and bulk, and a plasma treatment to obtain a film doped 
preferentially in the surface. The bulk-doped film showed interstitially doping, and the 
surface-doped film showed the presence of both interstitial and substitutional N. The surface-
doped film showed the highest PCA and this was attributed to a higher concentration of 
nitrogen and oxygen vacancies at the surface, but this could also be a result of the combined 
presence of interstitial and substitutional N [18]. The sol-gel coatings deposited in this work 
show predominantly interstitial doping, but the exact nature of the interstitial doping (just N 
or N + NO) is not known, due to the N 1s 400 eV component possibly corresponding to 
surface contamination rather than NO doping. Nevertheless, the results from this study would 
indicate that mixed interstitial/substitutional doping (predominantly interstitial) can give rise 
to good photocatalytic performance. 
 
The water permeability for the two sol-gel coated membranes studied in this work was found 
to be reduced by approximately 50 % in both cases due to the presence the sol gel coating on 
the membrane. In the previous work of Ma et al and Choi et al, both groups repeated the sol-
gel coating process to increase the sol-gel layer thickness and uniformity [29-30]. Ma et al, 
estimated that each initial coating cycle deposited layers of around 800 nm thick and reported 
that after two layers were deposited, the water permeability was reduced by 45 % (no results 
given for a single layer) [29]. Choi et al considered that each layer deposited has a thickness 
of approximately 300 nm and found that this layer lowered the water permability by less than 
10 % [30]. In this work, from our EDX results it has been estimated that the average layer 
thickness for the spiral bar coated membrane is several hundreds of nanometers thick and this 
has led to a reduction in the water permeability by approximately 50 %. Hence, compared to 
the work of Ma et al and Choi et al, for nominally the same membrane, there is a greater 
reduction in the water permeability following the deposition of a single sol-gel layer [29-30]. 
Considering the different surface morphologies observed for the pipette and spiral bar 
applicator deposited coatings, it is rather surprising that there was little difference between the 
water permeabilities for the two different coating methods. It is clear why the spiral bar 
applicator deposited coating gives rise to a much reduced water permeability, as the passage 
of water is completely blocked by the ‘islands’ of the mud-cracked layer at the surface. There 
is no surface layer blockage effect for the pipette deposited coating as it penetrates the 
membrane more easily, but the results show that the sol-gel coating still reduces the water 
flow. In this case, the reduction in water permeability is occurring predominantly within the 
membrane bulk, rather than from the presence of a thick (but porous) surface layer, as seen 
for the spiral bar coated membrane. Possibly, at regions within the 200 nm pore membrane 
layer where the pore size is lower, the sol-gel becomes agglomerated, reducing the water 
flow. 
 
Both the pipette and spiral bar applicator deposited coatings show high surface coverage, 
PCA and water permeability after a single layer has been deposited. Hence, although not 
studied in this work, there would appear to be little benefit from repeating the cycles of sol-
gel deposition to grow a thicker layer. On the contrary, the water permeability will decrease, 
reducing the overall performance of a membrane based water treatment system. The mud-
cracked morphology of the spiral bar applicator deposited coating allows the passage of water 
through the cracks, but compared to the more apparent conformal coverage of the pipette 
deposited coating, the limited contact area between the sol-gel coating and underlying 
membrane for the spiral bar applicator deposited coating would probably lead to a reduced 
durability of such a coated membrane during service. Hence, the pipette deposited N-doped 
TiO2 sol-gel coated alumina membrane, with high surface coverage and good PCA under 
visible light, shows the most promise as a new photocatalytically active membrane based 
methodology for water treatment. 
 
5. Conclusions 
Alumina membranes with a nominal pore size of 200 nm have been coated with a N-doped 
TiO2 sol-gel coating for photocatalytic purposes using two different sol-gel deposition 
methods. The uncoated and coated membranes have been characterised for their morphology, 
structure, composition. The PCA and water permeability have been determined. The 
following conclusions can be drawn from the work:  
 Al2O3 membranes with 200 nm pore size show the presence of α-Al2O3 as the main 
crystallographic phase. Alumina particles ranging from sub-micron to a few 
micrometres in size form the basis of the filter top layer (about 4 µm in thickness). 
Smaller particles of tens to hundreds on nanometres in diameter decorate the larger 
particles and have been shown to be composed of ZrO2 and a third phase of either a 
mixed Al/Zr oxide. 
 The sol-gel N-doped TiO2 coatings on 200 nm membranes deposited by pipette and 
spiral bar applicator have been extensively characterised. The two coatings are very 
similar in many respects. Both coatings exhibit a single crystal phase anatase structure 
with a N content of 0.9 at.% and same N doping states (predominantly interstitial N, 
with a smaller substitutional N contribution).  There is a slight variation in the average 
grain size and coating coverage. The average grain size and coverage for the pipette 
deposited coatings is 12 nm and 85 % respectively compared to 16 nm and 92% for 
the spiral bar applicator deposited coatings. There is however, a substantial difference 
in the morphology of the coatings. The spiral bar applicator deposited coatings exhibit 
a thicker mud-cracked surface layer with limited penetration of the porous membrane, 
whilst the pipette deposited coatings have mostly penetrated into the bulk of the 
membrane a thinner layer is present at the surface (which could not be clearly 
observed by SEM). It is considered that a difference in the sol-gel viscosity associated 
with the differing application methods is the cause of the observed variation in 
morphology.      
 The PCA was determined through monitoring the degradation of CBZ under simulated 
solar radiation for a period of 120 minutes. For both N-doped TiO2 sol-gel coated 
membranes, the PCA was found to be similar, being 58.6 ± 5.0 % for the pipette 
deposited coating and 63.3 ± 3.9 % for the spiral bar applicator deposited coating. The 
water permeability was observed to decrease by approximately 50 % for both sol-gel 
coating methodologies, with the blockage occurring mostly at the membrane surface 
for the spiral bar applicator deposited coating and in the membrane bulk for the pipette 
deposited coating.  
 The formation of a mud-cracked surface layer using the spiral bar applicator deposited 
coating allows the passage of water through the cracks, but results in a limited contact 
area between the coating and underlying membrane.  The pipette deposited coating 
gives rise to a more conformal coverage of the membrane most probably leading to a 
increased durability of such a coated membrane during service. Hence, the pipette 
deposited N-doped TiO2 sol-gel coated alumina membrane, with high surface 
coverage and good PCA under solar radiation, shows the most promise as a new 
photocatalytically active membrane based methodology for water treatment. 
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Figure 1: A schematic diagram of the bench-scale system used for concurrent filtration 
and solar photocatalytic degradation – semi-batch operation mode 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: SEM cross section micrographs of the Al2O3 membrane showing the presence of the 200 nm 
pore size layer at the surface with a thickness of approximately 10 - 15 µm. 
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Figure 3: (a), (b) and (c): SEM micrographs of the membrane surface at different magnifications; (d) 
AFM phase analysis of the membrane surface with the same maginification as the SEM image in (c), but 
from a different area on the surface. 
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Figure 4: XRD pattern of the 200 nm pore size membrane. 
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Figure 5: a, b, c, SEM micrographs of the surface of the N-doped TiO2 pipette coated 
membrane at different magnifications; d AFM phase analysis with 2.5×2.5 µm field of view. 
 
  
Figure 6: XRD pattern for the pipette deposited N-doped TiO2 sol-gel coating on the membrane . 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 7: XPS spectra from the pipette deposited N-doped TiO2  sol-gel coating on the membrane. (a) O 1s peak; 
(b) N 1s peak 
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Figure 8: SEM micrographs of N-doped TiO2 sol-gel coatings deposited on the membrane by spiral 
bar applicator. 
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Figure 9: XRD pattern of the spiral bar applicator deposited N-doped 
TiO2 sol-gel coating on the membrane. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 10: XPS spectra from the spiral bar applicator deposited N-doped TiO2  sol-gel coating on the membrane. 
(a) O 1s peak; (b) N 1s peak. 
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Figure 11: SEM images of the spiral bar deposited N-doped TiO2 coating (EDX analysis points marked 
on the image). 
 
 
  
Figure 12: CBZ removal as a function of time using uncoated (), spiral bar applicator 
deposited N-doped TiO2 coated (□) and  pipette deposited N-doped TiO2 coated (◊)  
membranes 
  
 
Figure 13: CBZ removal by N-doped TiO2 and TiO2 coated membranes (800 nm pore size) under solar 
simulator light. 
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